The electrostatic layer-by-layer assembly of nanoparticles and polyelectrolytes is regarded as one of the most simple and versatile method for the construction of ultrathin organised multilayers.
ternating deposition of polycations and polyanions. [11, 12] The main driving force for the deposition of the colloidal nanoparticles on the polyelectrolyte film is given by the electrostatic interaction between the fixed charges in the outer layer of the film and the charged groups at the particle surface. One of the key advantages of this approach is the possibility of fabricating hybrid materials that incorporate not only metal and semiconductor nanoparticles, but also conducting polymers, [13] mobile redox species [14] and photoactive dyes. [15] Characterisation of polyelectrolyte/nanoparticle assemblies has been performed by a variety of spectroscopic techniques as well as SEM, AFM, conductivity and electrochemical techniques. [4, 7, 9, 10, [16] [17] [18] [19] However, key aspects such as the structure of the multilayer as a function of the size of the particles remain largely unexplored.
Cant et al. have recently studied Au nanoparticles (5 nm diameter) and poly(diallyldimethylammonium) multilayers grown layer-by-layer, by employing Kelvin probe measurements in which oscillating contact potential differences were observed as a function of the number of layers. [20] However, their interpretation based on the Schottky equation commonly used for describing the space charge region in homogeneously doped semiconductor crystals appears to be inappropriate for such disordered systems. Indeed, Liu et al. have shown that similar kind of structures comprising 15 layers of Au (5 nm diameter) exhibit conductivities of the same order of bulk Au metal. [4] Herein, the structure of metal nanoparticles/poly-l-lysine (PLYS) multilayers grown on modified Au surfaces are studied by Kelvin probe and AFM measurements as a function of the size of the particles. Our previous studies on the generation of two-dimensional assemblies of Au particles of 18 AE 2 nm diameter have shown that a maximum number density of particles of (8.2 AE 0.1) 10 10 cm À2 is reached after approximately 4 h of deposition. [21] The particles are randomly distributed, featuring an average edge-to-edge distance of 25 nm. The formation of this 2D assembly leads to an increase of the work function (F) with respect to the PLYS terminated surface. The results shown here demonstrate that the modulation of the work function in the layer-by-layer growth of metal nanoparticles and PLYS multilayers is affected not only by the nature but also by the size of the metal particles.
The layer-by-layer assembly of metal nanoparticles and PLYS is initiated by the formation of a self-assembled monolayer (SAM) of 11-mercaptoundecanoic acid (MUA) in ethanol on a freshly evaporated gold film over a period of 12 h. Kelvin probe analysis to be reported in a separate paper shows that the work function steadily increases during the MUA assembling, and reaches an oriented thiol layer after 10 h of deposition. As shown below (cf. Figure 1) , the SAM induces an increase of F by 0.3 eV as a result of changes in the surface dipole. These changes involve dipolar contributions from the gold-thiolate bond as well as the oriented alkyl chain and the carboxy group termination. [22] After consecutive rinsing with ethanol and water, followed by drying in a N 2 stream, the modified surface was introduced in an aqueous solution of PLYS at a pH value of 7 for 30 min. At this pH, the carboxy group of the MUA was deprotonated and the polypeptide was electrostatically adsorbed, which generated a layer approximately 2 to 3 nm thick. [14] The PLYS-modified surface was subsequently rinsed copiously with water to remove the excess PLYS, followed by drying in a N 2 stream, and introduced into the particle colloidal suspension. Based on previous studies on the assembly of citrate-stabilised Au particles, the deposition time was set to 4 h. [21] The multilayer was grown by alternate deposition of PLYS and the metal particles, with steps of water rinsing and drying after each layer. This protocol generated reproducible two-dimensional layers of Au nanoparticles in terms of the number density of particles and the spatial distribution. [21] The evolution of F with the number of layers for assemblies of PLYS and Au nanoparticles of diameter ranging from 1.5 AE 0.4 to 19.2 AE 2.1 nm is shown in Figure 1 . Each Kelvin probe measurement was performed on a freshly prepared sample, which was subsequently disposed of. The layers labelled À1, 0 and 1 correspond to the freshly evaporated Au film, the MUAand the PLYS-terminated surfaces, respectively. The various sets of curves in Figure 1 show identical values for the steps prior to the nanoparticle deposition, which indicates the reproducibility of the preparation method. In addition, the probe was placed on different areas of the modified surfaces, and the variations of the work function were within the 0.05 eV error margin. A clear modulation of F as a function of the number of layers is observed in all the measurements; this behaviour resembles that observed in layer-by-layer growth of some organic composites. [23] [24] [25] From classical description of Kelvin probe measurements, the change in the contact potential difference (U) for the surface modification prior to the nanoparticle deposition reflects the change in the surface dipole (c) of the system, assuming that the bulk properties of the Au substrate remain unaffected. It follows that, [Equation (1)]
where the subscript j indicates the layer number. The deposition of a PLYS layer generates a change of the surface dipole, decreasing the energy for electron extraction from the MUAmodified surface. This change in the surface dipole is associated with the distribution of fixed positive charges and counterions in the polycationic film. As discussed further on, the adsorption of the metal nanoparticles involves an equilibration of the Fermi levels, leading to a change of the Volta (outer) potential difference y. The deposition of a PLYS layer on the nanoparticle-terminated surface induces a new change in the surface dipole, decreasing the work function of the multilayer. One of the most noticeable trends in the results shown in Figure 1 is the constant amplitude of the modulation of F with the number of layers, except for the array featuring particles of 19.2 AE 2.1 nm. For the latter assembly, the amplitude decreases as the number of layers increases, which suggests that the regularity in the multilayer structure is affected during the layer-by-layer growth. The noncontact AFM images in Figure 2 reveal a substantial increase in the surface roughness as the layer number increases. This behaviour suggests that the limited thickness of the PLYS layer does not allow a smooth covering of the 2D nanoparticle array, which creates morphological defects that strongly propagate as the number of layers increases. For particles with diameters between 1.5 AE 0.4 and 9.7 AE 1.2 nm, the changes in the surface morphology are not significant within the instrument resolution. The surface roughness, defined as the root-mean-square of the topography, and the average film thickness (measured by a profilometer) for a 20-layer assembly are summarised in Table 1 . Although the surface roughness was estimated from scanned areas of 7 mm 7 mm, the values quoted in Table 1 are representative of large portions of the surface. By taking the contribution of each particle layer, the results in Table 1 suggest that the average PLYS layer thickness is between 2.5 and 5 nm. These values are within the range of those reported for PLYS/poly-l-glutamic acid multilayers, [14] although the dispersion in the average layer thickness can come as a result of differences in the density of fixed charges in the nanoparticle assembly. The behaviour shown in Figure 1 clearly shows that ordered multilayers can be grown as far as the particle diameter is comparable with the characteristic thickness of the polyelectrolyte layer. Indeed, Early work by Shen and co-workers has shown that electrostatic assembled multilayers featuring PbI 2 particles of 3.8 nm exhibit well-defined XRD patterns. [26] The amplitude of F modulation is also determined by the polarisability of the deposited layers. In the case of Au particles of 1.5 AE 0.4 nm, the amplitude of modulation is significantly smaller than for particles of larger diameter. In the case that the oscillations of the work function are determined by the polarisability of the particles, the amplitude is expected to show a cubic dependence on the particle radius. However, the magnitude of the oscillations in Figure 1 is not greatly dependent on the particle size for radii larger than 5 nm. A similar trend (not shown in this work) was observed with multilayers incorporating Ag nanoparticles within the same size range. These results indicate that the amplitude of the surface dipole modulation in multilayers featuring metallic particles larger than 5 nm is controlled by the polarisability of the polyelectrolyte layer and the degree of layer-by-layer ordering.
Further evidence of the role of the polyelectrolyte on the amplitude of F modulation can be obtained from Figure 3 , which illustrates the oscillating behaviour for multilayers of Ag and Pt nanoparticles of 5 nm diameters. It is clearly observed that both multilayered systems exhibit a 0.3 eV modulation of F, which also coincides with the value obtained for Au particles of the same size (see Figure 1 ). An important feature of the results in Figure 3 is the offset of the work function for Pt multilayers towards values higher than that observed for Au and Ag. The difference in F for the various metal nanoparticles comes as a result of the equilibration of the electrochemical potential of the electrons (m e ), which induces a change in y for the particle-terminated surface. The equilibrium condition established between two metals in contact is described by Equation (2) [27] m mp e ¼m ps e ð2Þ therefore, [Equation (3)]
where the superscripts "mp" and "ps" correspond to the metal nanoparticle and the PLYS-terminated surfaces. It could be further clarified that for assemblies of Au particles, the chemical potential of the electrons in the particles and in the Au substrate can be considered equal and the change in the Volta potential reflects the difference in the surface dipoles associated with the PLYS film and the particle capping group. In this particular case, Equation (3) can be further simplified to Equation (1). The contact potential difference for each of the surface termination is defined as Equations (4) and (5)
where y bc is the Volta potential of the back contact of the Kelvin Probe. From Equations (3) to (5), it can be easily derived that the difference in the contact potential for surfaces terminated by two different metal particles corresponds to the difference in their work functions [Equation (6)].
The results in Figures 1 and 3 show that the work function is 0.4 eV higher for the Pt-than for the Au-terminated surface, which corresponds to the difference in the work functions of the polycrystalline metals.
[28] On the other hand, a rather unexpected result arises from the high F values for Ag terminated surface. Considering that F for polycrystalline Ag is approximately 1 eV lower than Au, the trend illustrated in Figure 3 is expected to be shifted by the same amount towards lower values. In addition, results to be discussed in a separate report show a strong dependence of F Ag on the size of the Ag nanoparticles, which suggests the presence of an oxide layer on the particle surface. In the case of Au particles, the effect of the particle size on F Au is rather weak, with a difference of less than 0.1 eV between particles of 1.5 AE 0.4 and 19.2 AE 2.1 nm.
In conclusion, we have provided clear evidences that the work function of metal substrates can be effectively controlled by electrostatic assembly of metal nanoparticles. In layer-bylayer assemblies featuring poly-l-lysine, the modulation of F is affected by the particle size for particle diameters below 5 nm. For larger particles, the amplitude of modulation is determined by the polarisability of the ultrathin polyelectrolyte film and the layer-by-layer ordering. The value of the F for the nanoparticle-terminated surface is dependent on the work function of the particle. This result indicates that the Fermi level in the particle is in equilibrium with the metal substrate. Consequently, it can be envisaged that the work function of the assembly can be tuned over a wide range of values by employing particles of different nature, or by changing the capping group at the particle surface. These results open up the possibility of designing junctions with rectifying properties, which can be key elements for the development of hybrid optoelectronic [29] and photovoltaic devices. [3, 30] Experimental Section Synthesis of Nanoparticles: Gold nanoparticles with diameters larger than 5 nm were synthesised by reduction of the metal cation precursor by employing trisodium citrate. The Au precursor employed in all the syntheses was HAuCl 4 ·3H 2 O. The solution of the metal cation was refluxed under vigorous stirring prior to the addition of citrate. To control the size of the nanoparticles, the concentration ratio of the precursor to citrate was systematically varied from 1:5 (5.0 AE 0.7 nm), 1:4.2 (9.7 AE 1.2 nm) and 1:0.62 (19.2 AE 2.1 nm).
[28] After the introduction of citrate, the reduction process was extended over 45 min at boiling point. Ag and Pt nanoparticles were obtained by reduction of AgNO 3 and H 2 PtCl 6 using NaBH 4 in 1:1 ratio of the metal cation and citrate. Au nanoparticles of 1.5 AE 0.4 nm diameter were prepared by reduction of the metal precursor in the presence of NaBH 4 and mercaptosuccinic acid as an electrostatic stabiliser. Details of the synthetic method have been published elsewhere. [27, 28] Gold substrate preparation: The nanoparticle/poly-l-lysine (MW 39 000 (vis) Sigma) multilayers were grown on evaporated Au surface modified by a self-assembled monolayer of 11-mercaptoundecanoic acid (Aldrich). The gold films were evaporated on glass slides at a pressure of less than 5 10 À6 mbar. The slides were cleaned by sequential sonication in ethanol, acetone and purified water, followed by drying under a stream of N 2 . The film growth was initiated by the evaporation of a 10 thick chromium layer at 1 s À1 to enhance the adhesion of the Au layer. Gold was subsequently evaporated at 1 s À1 up to 50 , which increased the dep- osition rate to 20 s À1 for depositing a layer of 1000 thick of amorphous gold with a work function of 5.20 AE 0.05 eV.
Instrumentation: Measurements of the work function were performed with a Kelvin probe (Delta Phi) in a glove box under N 2 atmosphere and at room temperature in the dark. A gold plate was employed as a reference electrode, which was kept at less than 1 mm distance from the sample. The AFM measurements were performed in noncontact mode employing a Burleigh Personal SPM. The thickness of the multilayers was measured by Alpha-Step 500 Surface Profiler. The nanoparticles sizes were obtained from Transmission Electron Microscopy employing a Philips CM20.
